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FERROMAGNETIC GROUP IV-BASED SEMICONDUCTOR OR FERROMAGNETIC 
GROUP m-V-BASED OR GROUP II-VI-BASED COMPOUND SEMICONDUCTOR, AND 
METHOD FOR ADJUSTING FERROMAGNETIC CHARACTERISTICS THEREOF 

5 

TECHNICAL FIELD 

The present invention relates to a single-crystal ferromagnetic group IV-based 
semiconductor or a single-crystal ferromagnetic group III-V-based or II-VI-based compound 
semiconductor, which has ferromagnetic properties achieved by adding at least one rare-earth 

10 metal element selected from the group consisting of Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, 
Er, Tm, Yb and Lu, to a group IV-based semiconductor or a group III-V-based or group 
II-VI-based compound semiconductor, which is transparent to light having a wavelength in the 
range of the infrared to ultraviolet regions, so as to form a mixed crystal of them. The present 
invention also relates to a method for adjusting a ferromagnetic characteristic of the 

15 ferromagnetic semiconductor. 

BACKGROUND ART 

The realization of a single-crystal ferromagnetic thin film having both light transparency 
and ferromagnetic properties will open the way for obtaining optical isolators or optically 

20 assisted high-density magnetic recording essential for mass communication, and preparing 
electromagnetic materials required for future mass communication. Thus, it is desired to 
provide a material having both light transparency and ferromagnetic properties. 

A group IV-based semiconductor, such as diamond, or a group III-V-based or group 
II-VI-based compound semiconductor exhibits the property of being transparent to light having 

25 a wavelength in the range of the infrared to ultraviolet regions, based on their large bandgap 
[diamond (Eg = 5.4 eV), ZnSe (Eg = 2.7 eV), ZnO (Eg = 3.3 eV), ZnS (Eg = 3.9 eV), GaN (Eg 
= 3.3 eV), A1N (Eg = 6.4 eV), BN (Eg = 6.4 eV)], and has a high exciton binding energy. 
Thus, if ferromagnetic properties can be given to these semiconductors, the obtained 
ferromagnetic semiconductor will lead to major progress in an optical device for spin 

30 electronics, such as an optical quantum computer utilizing coherent spin states. 
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The inventors previously filed a patent application for invention concerning a transition 
metal-containing ferromagnetic ZnO-based compound and a method of adjusting ferromagnetic 
characteristics thereof (Japanese Patent Laid-Open Publication No. 2001-130915). 

However, neither ferromagnetic states achieved in a group Ul-V-based or group 
5 II-VI-based compound semiconductor doped with rare-earth metal, nor ferromagnetic states 
achieved in a group III-V-based or group II-VI-based compound semiconductor having a high 
ferromagnetic transition temperature (Curie point) has been reported. Further, in the field of 
silicon technologies, any silicon exhibiting ferromagnetic properties has not been reported. 
The realization of a silicon material having ferromagnetic properties will also provide a wider 
10 application range thereof. 

DISCLOSURE OF INVENTION 

As mentioned above, if stable ferromagnetic properties are obtained in a group IV-based 
semiconductor or a group III-V-based or group II-VI-based compound semiconductor, the 
15 obtained ferromagnetic semiconductor can be used in combination with a light-emitting 
element, such as a semiconductor laser, comprising a group IV-based semiconductor or a group 
III-V-based or group II-VI-based compound semiconductor having a high exciton binding 
energy, and allows for a significantly extended application range of magnetooptic spin-based 
electronic devices utilizing magnetooptic effects. 
20 Further, in cases where the obtained ferromagnetic semiconductor is used in a 

ferromagnetic memory utilizing the change in magnetization state to be induced by light 
irradiation, the ferromagnetic semiconductor has to be prepared to have desired ferromagnetic 
characteristics, for example, a ferromagnetic transition temperature (Curie temperature) 
adjusted at a value (slightly greater than a room temperature) which allows the magnetization 
25 state to be changed by light irradiation. 

In view of the above circumstances, it is an object of the present invention to provide a 
ferromagnetic group IV-based semiconductor or a ferromagnetic group III-V-based or group 
II-VI-based compound semiconductor to be obtained using a group IV-based semiconductor or 
a group III-V-based or group II-VI-based compound semiconductor which is transparent to 
30 light. 



It is another object of the present invention to provide a method for adjusting a 
ferromagnetic characteristic, e.g. ferromagnetic transition temperature, of a ferromagnetic 
group IV-based semiconductor or a ferromagnetic group HI-V-based or group II-VI-based 
compound semiconductor, in the process of preparing the ferromagnetic group IV-based 
5 semiconductor or the ferromagnetic group III-V-based or group II-VI-based compound 
semiconductor. 

The inventors have been dedicated to researches for obtaining a single crystal with 
ferromagnetic properties using a group IV-based semiconductor or a group III-V-based or 
group II-VI-based compound semiconductor which has a wide bandgap suitable, particularly, 

10 as a material transparent to light. 

During the course of these researches, the inventors found that even if about 1 to 25 at% 
of metal ion, such as Si in a group IV-based semiconductor, Ga in a group III-V-based 
compound semiconductor or Zn in a group II-VI-based compound semiconductor, is 
substituted with at least one rare-earth metal element selected from the group consisting of Ce, 

15 Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu (to form a mixed crystal of them), at a 
low temperature through a nonequilibrium crystal growth process, a single crystal can be 
adequately obtained. 

The inventors also found that when at least one rare-earth metal element selected from the 
group consisting of Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu is added to a 

20 group IV-based semiconductor or a group III-V-based or group II-VI-based compound 
semiconductor to form a mixed crystal of them, a hole or electron is doped into the 
semiconductor (the number of electrons is increased or reduced) due to the change in electronic 
state, so as to allow the semiconductor to have ferromagnetic properties. 

Further, the inventors found that while a group III-V-based compound semiconductor 

25 exhibits no ferromagnetic property by means of the formation of a mixed crystal of Gd added 
thereto by itself, desired ferromagnetic properties can be obtained therein by co-doping a donor, 
such as oxygen. 

Furthermore, the inventors found that the formation of a mixed crystal by means of 
adding at least one rare-earth metal element selected from the group consisting of Ce, Pr, Nd, 
30 Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu to a group IV-based semiconductor or a group 
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IH-V-based or group II-VI-based compound semiconductor provides the same effects as those 
to be obtained by adding a hole to 4f electrons. 

As above, at least one rare-earth metal element selected from the group consisting of Ce, 
Pr, Nd, Pra, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu can be simply added to a group 
IV-based semiconductor or a group IH-V-based or group II-VI-based compound semiconductor 
to form a mixed crystal of them, so as to allow the semiconductor to be put into a stable 
ferromagnetic state. 

Through the subsequent continuous researches, the inventors found that each of the 
rare-earth metals consisting of Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu is 
put into a high spin state having an electronic spin s = 1/2, 1, 3/2, 2, 5/2, 3 or 7/2, and a 
ferromagnetic transition temperature of a ferromagnetic semiconductor to be obtained can be 
adjusted by changing a combination of or the ratio between two or more of these elements, or 
adding n-type and/or p-type dopants. 

The inventors also found that the above technique can be used to provide a more 
stabilized ferromagnetic state than antiferromagnetic and paramagnetic states, and adjust 
energy in the ferromagnetic state (for example, an energy for allowing the ferromagnetic state 
to be generally maintained although a slight difference in the energy causes a spin glass state 
analogous to an antiferromagnetic state). 

Further, the inventors found that the lowest transmission wavelength of the obtained 
ferromagnetic semiconductor is varied depending on the kind of the aforementioned rare-earth 
metal elements, and thereby one or more of these elements can be selectively formed as a 
mixed crystal to allow the obtained ferromagnetic semiconductor to have a desired filter 
function. 

Thus, the concentration and/or mixing ratio of the rare-earth metal elements can be 
adjusted to provide a single-crystal ferromagnetic group IV-based semiconductor or a 
single-crystal ferromagnetic group IH-V-based or group II-VI-based compound semiconductor, 
which has desired magnetic characteristics. 

Specifically, the present invention provides a ferromagnetic group IV-based 
semiconductor or a ferromagnetic group Ill-V-based or group II-VI-based compound 
semiconductor, comprising a group IV-based semiconductor or a group Ill-V-based or group 
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n-VI-based compound semiconductor, which contains at least one rare-earth metal element 
selected from the group consisting of Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and 
Lu. 

The group IV-based semiconductor herein is Si, diamond or Ge. The group III-V-based 
compound semiconductor is a compound, such as GaAs, GaSb, GaP, GaN, A1N, InN or BN, 
which is a combination of a group III atom of B, Al, Ga, In or Tl, and a group V atom of N, P, 
As, Sb or Bi. The group II-VI-based compound semiconductor is a compound, such as ZnSe, 
ZnS, ZnTe, ZnO, CdS or CdSe, which is a combination of a group II atom of Be, Mg, Zn, Cd, 
Hg, Ca, Sr or Ba, and a group IV atom of O, S, Se or Te. 

Each of the aforementioned rare-earth metal elements has an ionic radius relatively close 
to that of Zn, Cd, Ga, Al or In. Thus, even if these rare-earth metal elements are added to the 
semiconductor as a solid solution in an amount of 1 at% to 25 at% at a low temperature 
through a nonequilibrium crystal growth process, a single-crystal structure of the 
semiconductor serving as a matrix can be maintained, and the matrix semiconductor can 
1 5 exhibit ferromagnetic properties while maintaining the transparency thereof. 

Each of the above rare-earth metal elements selected from the group consisting of Ce, Pr, 
Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu is different in the atomic level of their 4f 
atom and the amplitude of p-f hybridization. Thus, when at least two or more of these 
rare-earth metal elements are contained in the above semiconductor, the ferromagnetic 
20 characteristics of the semiconductor can be more directly varied as compared with hole-doping 
or electron-doping, so as to adjust a ferromagnetic characteristic, such as ferromagnetic 
transition temperature. 

While the doping of at least one of an n-type dopant and a p-type dopant does not provide 
a direct effect as that between the rare-earth metal elements because it is incorporated into the 
25 matrix of the group IV-based semiconductor or the group III-V-based or group II-VI-based 
compound semiconductor, the dopant can act on a 4f electron adjacent to an atom constituting 
the group IV-based semiconductor or group III-V-based or group II-VI-based compound 
semiconductor so as to change the state of hole or electron to adjust the ferromagnetic 
characteristic. 

30 The present invention also provides a method of adjusting a ferromagnetic characteristic 



of a ferromagnetic group IV-based semiconductor or a ferromagnetic group m-V-based or 
group II-VI-based compound semiconductor, which comprises adding either one of: 

(1) at least two rare-earth metal elements selected from the group consisting of Ce, 
Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu; 
5 (2) the at least two rare-earth metal elements, and at least one metal element selected 

from the group consisting of Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf, Es, Fm, Md, No and Lr; and 

(3) the above (1) or (2), and at least one of an n-type dopant and a p-type dopant, 
to a group IV-based semiconductor or a group III-V-based or group II-VI-based compound 
semiconductor so as to adjust the ferromagnetic characteristic according to a combination of 

10 the rare-earth metal elements. 

Further, the present invention provides a method of adjusting a ferromagnetic 
characteristic of a ferromagnetic group IV-based semiconductor or a ferromagnetic group 
m-V-based or group II-VI-based compound semiconductor, which comprises adding either one 
of: 

! 5 ( 1 ) at least one rare-earth metal element selected from the group consisting of Ce, Pr, 

Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu; 

(2) the at least one rare-earth metal element, and at least one metal element selected 
from the group consisting of Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf, Es, Fm, Md, No and Lr; and 

(3) the above (1) or (2), and at least one of an n-type dopant and a p-type dopant, 
to a group IV-based semiconductor or a group III-V-based or group II-VI-based compound 
semiconductor, and controlling the concentration of one of the at least one rare-earth metal 
element, the at least one metal element selected from the group consisting of Th, Pa, U, Np, Pu, 
Am, Cm, Bk, Cf, Es, Fm, Md, No and Lr, and the at least one of an n-type dopant and a p-type 
dopant so as to adjust the ferromagnetic characteristic. 

Specifically, according to the above methods, a ferromagnetic transition temperature as 
one of ferromagnetic characteristics can be adjusted. 

In the above method, at least one or more of the rare-earth metal elements and at least one 
or more of the actinide elements described in the (2) may be added to form a mixed crystal so 
as to adjust an energy in a ferromagnetic state, and allow the energy to be reduced as a whole 
30 according to a kinetic energy of a hole or electron introduced from the rare-earth metal 

-6- 



20 



25 



elements by themselves, to stabilize said ferromagnetic state. 

Further, at least one or more of the rare-earth metal elements and at least one or more of 
the actinide elements described in the (2) may be added to form a mixed crystal so as to control 
the magnitude and the positive/negative sign of the magnetic interaction between the rare-earth 
metal atoms according to a hole or electron introduced from the rare-earth metal elements by 
themselves, to stabilize said ferromagnetic state. 

Furthermore, at least one or more of the rare-earth metal elements and at least one or 
more of the actinide elements described in the (2) may be added to form a mixed crystal so as 
to control the magnitude and the positive/negative sign of the magnetic interaction between the 
rare-earth metal atoms and a light transmission characteristic to be obtained from the mixed 
crystallization of the rare-earth metal elements and the actinide elements, according to a hole or 
electron introduced from the rare-earth metal elements by themselves, to provide a desired light 
filter characteristic in the ferromagnetic group IV based semiconductor the ferromagnetic 
group III-V-based or the group II-VI-based compound semiconductor. 
5 The rare-earth metal-containing magnetic semiconductor of the present invention can 

emit sharp light reflecting the magnetic states without variation in temperature, and the 
emission may be utilized to generate circularly polarized light. 

In observation of a temperature dependence of the wavelength of emission induced by 
excitation using ultraviolet light, the emission wavelength is not varied at all in the range of 
•0 liquid helium temperatures to room temperatures. The no-variation with the temperature 
would result from a sharp energy level in the ground state and in the excited state of electrons 
in the 4-f shell, and negligible influences of lattice vibrations and a humidity dependence of the 
matrix semiconductor. In conventional optical communications using emission from an 
AlGaSb light-emitting element, it is required to use a Peltier element or the like because of 
25 occurrence of variation in wavelength due to temperature change. The semiconductor of the 
present invention capable of generating light emission without any variation in wavelength due 
to temperature change is suitable for high-performance optical communications. 

The 4f-electron state of a rare-earth metal ion belonging to lanthanoid elements except for 
La having no 4f electron has a large electronic spin in a high spin state, and an orbital angular 
30 momentum spin based on orbital angular momentum. Further, there is 1 eV (equivalent to 



8000 K) of strong ferromagnetic spin interaction between 4f electrons and 5d electrons which 
are valence electrons. Thus, such a rare-earth metal can be added to the semiconductor as a 
solid solution to stabilize a ferromagnetic state, in which an impurity band formed in the 
bandgap of the semiconductor and partly occupied by electrons to have a narrow bandwidth 
5 and a large electron correlation energy is utilized to achieve a ferromagnetic state based on the 
gain of band energy. 

FIG 1 shows the total density of states and a partial density of states at 5d in a case where 
5 at% of Gd is doped in Si. As seen in FIG 1, in the total density of states with the up spinf 
and the down spin |, a sharp peak is generated in the 4f-electron state, and a large exchange 

10 splitting occurs between the up spinf and the down spin J, to achieve a ferromagnetic state 
having a large magnetic moment. 

FIG 2 shows the total density of states and a partial density of states at 5d in a case where 
5 at% of Eu is doped in Si. As seen in FIG. 2, in the total density of states with the up spint 
and the down spin |, a sharp peak is generated in the 4f-electron state, and a large exchange 

15 splitting occurs between the up spint and the down spin | to achieve a ferromagnetic state 
having a large magnetic moment. 

FIG 3 shows the total density of states and a partial density of states at 5d in a case where 
5 at% of Ce is doped in Si. As seen in FIG 3, in the total density of states with the up spin| 
and the down spin j, a sharp peak is generated in the 4f-electron state, and a large exchange 

20 splitting occurs between the up spinf and the down spin I to achieve a ferromagnetic state 
having a large magnetic moment. 

According to the present invention, the kind and/or concentration of the rare-earth 
elements can be adjusted to obtain a transparent ferromagnetic semiconductor which allows 
visible light to pass therethrough and has a high ferromagnetic transition temperature of greater 

25 than room temperatures or 400 K or more, using A1N or GaN. The phenomenon that the 
circular polarization direction of light is rotated by ferromagnetism when the light passes 
through a transparent material is referred to as "Kerr effect". A ferromagnetic semiconductor 
providing a larger rotation angle is more excellent in performance as a device, such as optical 
isolators, utilizing magnetooptic effects. In Eu-doped or Gd + O-doped GaN or A1N, the 

30 following large Kerr rotation angle (at room temperatures, 3 mm thickness) can be obtained in 



the visible region. 

GaN : Eu (10 at%) 1 20 de & ee 

A1N : Eu (8 at%) 105 de & ee 

GaN : Gd (5 at%) + O (5 at%) 1 1 0 degree 

A1N : Gd (10 at%) + O (10 at%) 130 degree 

For example, Eu substituted for Ga site of GaN or Al site of A1N becomes Eu 3+ , and a 
ferromagnetic transition temperature can be largely controlled through such electron-doping. 
The value of Kerr rotation angle can also be controlled in the range of zero to about 150 
degrees by adjusting the concentration of Eu impurity and the amount of electron-doping. 

Extremely high magnetooptic effects to be obtainable through the Kerr effect have 
potential for providing a higher performance in memories or computers using magnetooptic 
light or optical isolators. In cases where a transition metal is contained in the aforementioned 
semiconductor, the transition between 3d electrons provides light emission having a wide 
continuous energy spectrum and a wavelength to be largely varied according to temperature 
15 change. By contrast, in case of the rare-earth metals, the transition occurs between 4f 
electrons, and thereby the resulting emission advantageously has a sharp spectrum and a 
wavelength to be never varied relative to temperature, which is significantly valuable to future 
data communication utilizing spin electronics. 
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BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 shows an electron density of states in a ferromagnetic state of Gd in Si. 

FIG 2 shows an electron density of states in a ferromagnetic state of Eu in Si. 

FIG 3 shows an electron density of states in a ferromagnetic state of Ce in Si. 

FIG 4 is a graph showing the difference AE between the total energy in 
antiferromagnetic spin glass state and the total energy in a ferromagnetic state in a case where a 
rare-earth metal, such as Gd, Tb or Dy, is added to Si to form a mixed crystal of them. 

FIG. 5 is a schematic diagram showing an MBE apparatus as an example of an apparatus 
for forming a ferromagnetic silicon thin film. 

FIG. 6 is a graph showing the variation in ferromagnetic transition temperature when the 
concentration of a rare-earth metal to be added to Si to form a mixed crystal of them. 
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FIG 7 is a graph showing the variation in ferromagnetic transition temperature when the 
ratio between two or more of rare-earth metal elements to be formed as a mixed crystal. 

FIG 8 is an explanatory diagram showing the change in magnetic state when Ge is added 
together with n-type and p-type dopants. 

FIG 9 is a graph showing a ferromagnetic transition temperature of a ferromagnetic 

semiconductor in Example 1 . 

FIG 10 is a graph showing a ferromagnetic transition temperature of a ferromagnetic 

semiconductor in Example 2. 

FIG 11 is a graph showing a ferromagnetic transition temperature of a ferromagnetic 

semiconductor in Example 3. 

BEST MODE FOR CARRYING OUT THE INVENTION 

With reference to the drawings, a ferromagnetic group IV-based semiconductor or a 
ferromagnetic group III-V-based or group II-VI-based compound semiconductor of the present 
invention, and a method for adjusting a ferromagnetic characteristic thereof, will now be 
described. A ferromagnetic group IV-based semiconductor or a. ferromagnetic group 
III-V-based or group II-VI-based compound semiconductor of the present invention comprises 
a group IV-based semiconductor or a group III-V-based or group II-VI-based compound 
semiconductor, which contains at least one rare-earth metal element selected from the group 
consisting of Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu. 

The following description will be made, mainly, in connection with a case where Si is 
used as IV-based semiconductor. In a process for obtaining a ferromagnetic material using Si 
as IV-based semiconductor, a 4f electron of the rare-earth metal element, such as Gd, Tb or Dy, 
is strongly p-f-hybridized with the 3p electron of Si serving as a matrix semiconductor. Thus, 
as seen in FIG. 4 showing the difference AE between the total energy in an antiferromagnetic 
spin glass state and the total energy in a ferromagnetic state, the IV-based semiconductor 
exhibits ferromagnetic properties only by adding the rare-earth metal element by itself thereto 
to form a mixed crystal of them instead of inducing an antiferromagnetic spin glass state. 

FIG 4 shows an example where the mixed crystal ratio of the rare-earth metal element to 
Si is 5 at%. However, even if the mixed crystal ratio is several at%, the semiconductor can 
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exhibit ferromagnetic properties. Otherwise, even if the mixed crystal ratio is increased up to 
5 at%, the crystallinity of the ferromagnetic material will not be deteriorated. The mixed 
crystal ratio is preferably set in the range of 1 at% to 100%, more preferably in the range of 5 
at% to 25 at% to obtain desired ferromagnetic properties. The number of the rare-earth metal 
elements is not limited to one, but two or more of the rare-earth metal elements may be formed 
as a mixed crystal (alloyed) as described later. 

FIG. 5 is a schematic diagram showing an MBE apparatus as an example of an apparatus 
for forming a Si-based thin film containing these rare-earth metal elements. This apparatus 
comprises a substrate holder 4 disposed in a chamber 1 capable of maintaining an extra-high 
vacuum of about 1.33 * 10" 6 Pa, a substrate 5 made of Si, SiC, sapphire or the like and held by 
the substrate holder 4, and a heater 7 for heating the substrate 5. 

A cell 2a receiving therein Si as a material (source) constituting a compound to be grown, 
a cell 2b receiving therein at least one rare-earth metal element selected from the group 
consisting of Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu (while FIG. 5 shows 
15 a single cell, two or more of the cells are provided when two or more of the rare-earth metals 
are subjected to mixed crystallization), a cell 2c receiving therein an n-type dopant, such as P, 
As or Sb, a cell 2d receiving therein a p-type dopant, such as B, Al or Ga, and an RF radical 
cell 3a for generating radical Si. Solid materials of the Si and the rare-earth metal may be put 
in a cell in the form of a compound of Si and rare-earth metal, and then the compound may be 

20 vaporized in an atomic state. 

Each of the cells 2a to 2d receiving therein the respective solids (elemental substances) is 
provided with means (not shown) for heating the solid source to vaporize it in an atomic state. 
The radical cell 3a is designed to activate the atomized sources using an RF (high-frequency) 
coil 8. Each of the Si, rare-earth metal element and n-type dopant is use after vaporizing a 
25 corresponding solid source having a purity of 99.99999 %, in an atomic state. The atomic 
state of the Si or the rare-earth metal element may be obtained by irradiating a corresponding 
molecular gas with an electromagnetic wave in the microwave region. 

Then, a Si thin film 6 is grown at a temperature of 350 to 800°C while supplying the 
n-type dopant of P, Sb or As at a flow volume of 1 .33 * 10" 5 Pa, the p-type dopant of B, Al or 
Ga in an atomic state at a flow volume of 6.65 * 10" 5 Pa, and the rare-earth metal element, 
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such as Gd, Tb or Dy, in an atomic state at a flow volume of 1.33 * 10" 5 Pa, all together onto 
the substrate 5, to provide a Si thin film 6 formed as a mixed crystal containing the rare-earth 
metal element. 

In the above example, the n-type and p-type dopants are doped. By contrast, in the 
5 aforementioned example of FIG. 4 and after-mentioned examples of Tables 1 and 2, only Gd, 
Tb or Dy is doped without any doping of these dopants. 

As seen in FIG. 4, the Si thin film formed as a mixed crystal containing Gd, Tb or Dy has 
a large difference between the energy in the anti-ferromagnetic spin glass state and the energy 
in ferromagnetic state, specifically, 4.08 (2.04) x 13.6 meV (in the case of Gd), 5.14 (2.57) * 
10 13.6 meV(in the case of Tb), or 1.10 (0.55) * 13.6 meV (in the case of Dy), and exhibits 
ferromagnetic properties. 

While the rare-earth metal element is doped in Si in the above example, it may also be 
doped in a group III-V-based nitride, such as GaN, to obtain a ferromagnetic single crystal, 
because GaN is different from Si only in that its bandgap energy is greater than that of Si, and 
15 any group III-V-based nitride other than GaN has a four-coordinate structure similar to and 
difference only in bandgap energy from that of GaN. 

However, in a case where 5 at% of Gd is doped in the semiconductor, a desired 
ferromagnetic material can be obtained only if 1 at% or more, preferably 3 at% or more of 
oxygen is doped as a donor to dope an n-type carrier in the semiconductor. Further, in a case 
20 where 10 at% of Gd is doped in the semiconductor, a desired ferromagnetic material can be 
obtained only if 2 at% or more, preferably 5 at% or more of oxygen is doped as a donor to dope 
an n-type carrier in the semiconductor. 

In the ferromagnetic Si of the present invention which is formed as a mixed crystal 
containing the rare-earth metal element, while an Si atom is substituted with the rare-earth 
25 metal element, such as Gd 3+ , Tb 3+ or Dy 3+ , the ferromagnetic Si matrix can be maintained in a 
diamond structure. In addition, the aforementioned rare-earth metal element, such as Gd, Tb 
or Dy, has an electronic structure capable of increasing holes, and thereby stabilizes in a stable 
ferromagnetic state without any modification, as shown in FIG 4. Further, as seen from the 
after-mentioned Tables 1 and 2, this ferromagnetic Si has a large magnetic moment. 
30 Specifically, a Si-based compound containing Gd, Tb or Dy has a magnetic moment (Bohr 
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magneton) of 7 uB (Gd), 9 uB (Tb) or 10 uB (Dy). Thus, the present invention can provide a 
ferromagnetic magnet having extremely strong magnetism. 

The variation in magnetic characteristic to be caused by changing the concentration of the 
rare-earth metal element was checked as follows. In addition to the aforementioned Si-based 
compound containing the rare-earth metal element at a concentration of 25 at%, Si-based 
compounds containing the rare-earth metal element at 5, 10, 15 and 20 at% were prepared, and 
their magnetic moment (* 9.247 J/T) and ferromagnetic transition temperature fK) were 
measured. The magnetic moment and ferromagnetic transition temperature were determined 
by measuring a magnetic susceptibility using a SQUID (superconducting quantum interference 
device). 

The measurement results are shown in Tables 1 and 2. As seen in Tables 1 and 2, the 
ferromagnetic transition temperature is apt to be increased as the mixed crystal ratio (the 
concentration) is increased, and is increased approximately in proportion to the mixed crystal 
ratio. This relationship is shown in FIG. 6. It is also proved that the ferromagnetic 
interaction between spins is increased along with the increase in concentration of the rare-earth 
metal element. 



(Table 1) 



Type of 

Rare-Earth Metal 


Concentration of 
Rare-Earth Metal (at%) 


Magnetic Moment (pB) 


Ferromagnetic Transition 
Temperature (°K) 


Gd 


5 


6.98 


455 


Tb 


5 


8.97 


468 


Dy 


5 


9.45 


512 



(Table 2) 



Type of 

Rare-Earth Metal 


Concentration of 
Rare-Earth Metal (at%) 


Magnetic Moment (pB) 


Ferromagnetic Transition 
Temperature (°K) 


Gd 


25 


6.85 


690 


Tb 


25 


8.87 


860 


Dy 


25 


9.40 


880 



As described above, the rare-earth metal element is put into a high spin state which 
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electronic spin s = 7/2 and an orbital angular momentum L = 0 for Gd, an electronic spin s = 3 
and an orbital angular momentum L = 3 for Tb, or an electronic spin s = 5/2 and an orbital 
angular momentum L = 5 for Dy. Further, as seen in Tables 1 and 2, and FIG 6, the 
interaction between ferromagnetic spins and the ferromagnetic transition temperature can be 
controllably adjusted by changing the concentration of the rare-earth metal element. From a 
practical standpoint, the ferromagnetic transition temperature is preferably arranged to be 
300°K or more. 

The inventors also found that two or more of the rare-earth metal elements can be added 
to the semiconductor to form a mixed crystal of them, so as to adjust the state of holes or 
electrons, and obtain the respective magnetic characteristics of the two or more rare-earth metal 
elements together. For example, a combination of Lu and either one of Gd, Tb or Dy was 
added to Si to form a mixed crystal of them. In a case where the conditions that the total 
concentration of Dy and Lu was set at 25 at%, and x was variously changed to form Dy 0 . 2 s-x 
Lu x Sio.75, the ferromagnetic transition temperature could be largely varied, and set at zero °K 
when x = 0.04, as shown in FIG. 7. 

The ferromagnetic transition temperature can be set at desired value by selectively 
arranging x in the range of 0 to 0. 1 0. In the same manner, a combination of Lu and Tb may 
be added to Si to form Tb 0 .25-x Lu x Si 0 .75 while variously changing x. Further, various 
magnetic moments can also be obtained, but not shown, by changing the mixing ratio of the 
above two rare-earth metal elements. 

In the above examples, two or more of the rare-earth metal elements are doped to adjust 
the ferromagnetic characteristic. Alternatively, at least one rare-earth metal element selected 
from the aforementioned group, and at least one metal element selected from the group 
consisting of Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf, Es, Fm, Md, No and Lr, which belong to 
actinide elements except for Ac having no 5f electron, may be doped. In this case, the 
magnetic moment and/or the ferromagnetic transition temperature can also be adjusted by 
changing the respective concentrations of the rare-earth metal element and the actinide 
element. 

Further, an n-type dopant or a p-type dopant may be doped to change the amount of holes 
or electrons so as to adjust the ferromagnetic characteristic. 
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In this case, the n-type or p-type dopant is incorporated into the conduction band or 
valence band of Si to act on the 4f electron of the rare-earth metal element adjacent to the 
conduction or valence band. Thus, while all of added dopants do not always act on the 4f 
electron, at least a part of the dopants surely act on the 4f electron to change the ferromagnetic 
state including the ferromagnetic transition temperature. 

For example, the doping of an n-type dopant is equivalent to supplying an electron. 
Thus, the doping of an n-type dopant in combination with the mixed crystallization of either 
one of Gd, Tb, Dy and Lu has the same effect as that in the aforementioned example of adding 
Lu and either one of Gd, Tb and Dy. 

FIG 8 shows the relationship between AE and the concentration (at%) of impurity where 
Gd, which exhibits a significant change in AE = (energy in the antiferromagnetic spin glass 
state) - (energy in the ferromagnetic state) in response to the doping of an n-type or p-type 
dopant (electron or hole), is added to Si to form a mixed crystal of them, and the impurity is 

additionally doped therein. 

As seen in FIG. 8, the ferromagnetic state is stabilized by introducing a hole, and vanished 
by doping an electron. Thus, the ferromagnetic characteristic can be adjusted by doping the 
n-type or p-type dopant. While the rare-earth metal element, such as Gd, Tb or Dy, originally 
exhibits ferromagnetic properties, or does not have such a large change AE between the 
antiferromagnetic spin glass state and the ferromagnetic state, the doping of the n-type or 
p-type dopant allows the ferromagnetic state as in FIG. 8 so as to adjust the ferromagnetic 
transition temperature. 

Differently from the aforementioned adjustment through the mixed crystallization of two 
or more of the rare-earth metal elements, in the adjustment using the n-type or p-type dopant, 
the magnetic moment itself is maintained at a value determined by the rare-earth metal element 
added to Si to form a mixed crystal of them. 

Either one of P, As and Sb may be used as the n-type dopant, and a compound of Si and 
either one of these elements may be used as a material to be doped. Preferably, the 
concentration of the donor is 1 * 10' 8 cm" 3 . For example, the donor doped at a concentration 
of about 10 20 to 10 21 cm" 3 is equivalent to the aforementioned rare-earth metal element added 
at a mixed crystal ratio of 1 to 10 at%. As described above, either one of B, Al and Ga may 
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be used as the p-type dopant. 

The lowest transmission wavelength of light to pass through the ferromagnetic material is 
varied depending on the kind or type of the rare-earth material to be added to the group 
TV-based semiconductor or a group III-V-based or group II-VI-based compound semiconductor 
which is a wide bandgap semiconductor, and can be adjusted by adding two or more of the 
rare-earth materials to the semiconductor to form a mixed crystal of them so as to provide a 
light filter for cutting off light having a wavelength less than a desired wavelength. For 
example, a ferromagnetic group III-V-based nitride (GaN) transparent to light having a desired 
wavelength can be obtained. The lowest wavelength of light to pass through each of 
ferromagnetic nitrides prepared by adding 5 at% of each of the aforementioned rare-earth metal 
elements to GaN to form a mixed crystal of them were measured as shown in Table 3, wherein 
5 at% of oxygen is doped in the case of Gd. According to this example, a ferromagnetic 
magnet transparent to light having a desired wavelength can be obtained. 



(Table 3) 



Type of Rare-earth metal 


Concentration of Rare-earth metal 
(at%) 


Lowest wavelength (nm) 


GaN : Gd 


5 


420 


GaN : Tb 


5 


380 


GaN : Dy 


5 


370 



As mentioned above, according to the present invention, an energy in the ferromagnetic 
state can be changed as a whole by a kinetic energy of a hole or electron introduced from the 
added rare-earth metal element by themselves and others, and the level of the energy can be 
reduced by adjusting the concentration of the hole or electron, so as to stabilize the 
ferromagnetic state. Thus, the hole or electron can be introduced to controllably change the 
magnitude and the positive/negative sign of the magnetic interaction between the rare-earth 
metal atoms so as to stabilize the ferromagnetic state. 

While the MBE (Molecular Beam Epitaxy) apparatus is used in the above embodiment to 
form a thin film containing the rare-earth metal element, an MOCVD (Metalorganic Chemical 
Vapor Deposition) apparatus may be used to form the same thin film. In this case, the metal 

- 16- 



m a,erial, such as Qa. Al or *. rare-earth -1, - «— - * *° ^ «— " 
fonn „ f an cyanic me*, compound, such a S dimChy, gallium or dimChy. a— 

ft. MBE or MOCVD process can he used to fom, a dun film in a none q u,hbnum «. 
while doping a — me*, elemen, or d,e like .herein a. a desired concenhahon. 
, However, ,he Ihin film growd, merhod Is no, limited ,o Ornse processes, hu, dm dun f,,m ma 
he formed .hrough an y od,er sudahle process, such as a laser ahra S ion procesa us,ng aoM 
BIge ,s of solid Ga nitride, solid Al nirtide and rare-earth - «. form a d,,n film 
applying an activated dopant onto a substrate. 

F „„he, when rhe rare-earth mend elemen, or Us oxide is used a S me doping 
. ECR (Electron Cyc.oh.n Resonance) plasma dev,ce adap,ed ,o electronically excrte me dopmg 
m a,eria, using radio wave, laser. X-ray or electron heam, ,0 pu, 1, in,o an a,omic -* may he 
used The ECR plasma device may also be used for the n-type and p-type dopants. Tfce 
ECR plasma device can he advamageously used ,o allow such a materia, ,o he doped ,n an 
atomic state at a high concentration. 
15 [EXAMPLES] 

(Example 1) , w 

FIG 9 shows a ferromagnetic transition ,em P era«ure of a fertomagnedc senuconducto 

p,epared by doping 5 a,/, of me rare-earth mCa, in A1N. As seen in FIG. ,, me ohUmed 
ferromagnedc sen,—, cou.d exhihi, a high ferromagnedc dansidon .emperamre o 
20 greato, than room temperatures or 300 K or more, which was adjusred hy se.ecdng the type of 
L rare-earth metal, and a dansparency ,o visihle Ugh, Eurther, 1, was expenmenUl* 
proved d,a, ,he ferromagnedc transidon .emperamre (Tc, is proportional «o the roo, of the 
concentration (C) of the mre-earth melal to be mixed (7c «c Vc ). 
(Example 2) 

PIG ,0 shows a ferromagnedc dansition tomperamre of each of <wo fertomagnedc 
semiconductors prepared hy doping 5 a,/, and .0 a,/, of me rare-earth meul in GaN. As 
seeninEia ,0, each of me ohulned ferromagnedc semiconductors could exh,h„ a h,gh 
ferromagnedc transition tomperamre of grea,er than room .emperatores or 400 K or more, 
which was adjusted hy se.ecting ,he W e of .he rare-earth meu,, and a hansparency to v,s,h,e 



30 light. 
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(Example 3) 

FIG 11 shows .he concentration of a donot and a fertomagnetic transition tetnpetatute of 
a ferromagnetic semiconductor prepared by doping 5 af% of Gd in GaN while changing the 
concentration of oxygen doped .herein as ft. donor. As seen in FIG 11. while Ore 
ferromagnetic semiconductor prepared by doping on.y 5 M of Gd in GaN exhibits no 
ferromagnetic property, oxygen as the donor can be additionally doped «o provide d. S ,red me 
ferromagnetic properties, and me concentration of me donor can be changed ,0 adjust .he 
ferromagnetic transition temperature. 
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INDUSTRIAL APPLICABILITY 

According to the present invention, at least one rare-earth metal element selected from the 
group consisting of Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu can be simply 
contained in a group PV-based semiconductor or a group Hl-V-based or group Il-VI-based 
compound semiconductor to obtain a ferromagnetic single crystal having high magnetoopfcc 
effects and a high ferromagnetic transition temperature of greater than room temperatures. 
Ttaa, the obtained ferromagnetic single crystal can be combined with existing ZnO or 
transparent conductive oxide (TCO) for use as an n-type or p-type transparent electrode, or an 
optical fiber, and applied to an quantum computer or large-capacity magnetooptical recordmg, 
or to high-performance data communication or quantum computer as an optical electron* 
material usable in the range of the visible to ultraviolet regions. 

In addition, based on the intra 4f-electron shell transition in the rare-earth metal element, 
the ferromagnetic semiconductor of the present invention can emit light having a- constant 
wavelength without any variation due to temperature change up to room temperatures. Thus, 
the ferromagnetic semiconductor of the present invention can be adjusted to be a p-type or 
„-type semiconductor which is applicable to a transparent ferromagnetic semiconductor or a 
circularly polarized light-emitting device (spin-based semiconductor laser) which has 
extremely high magnetooptic effects. 



20 



- 19- 



